We investigated the expression of Japanese pear (Pyrus pyrifolia) and quince (Cydonia oblonga) homologs of Arabidopsis thaliana flowering-related genes LEAFY (LFY) and TERMINAL FLOWER 1 (TFL1) in dissected floral tissues. Japanese pear and quince belong to the subfamily Maloideae (Rosaceae), which is an ancient polyploid; thus, the genome of each plant contains at least two different homologs of LFY and TFL1. We examined the expression of each homolog separately using gene-specific reverse transcription-polymerase chain reaction (RT-PCR). Under the experimental conditions used in this study, there was no difference in the expression pattern of LFY homologs, regardless of the species and homolog type. In contrast, TFL1 homologs were differentially expressed in Japanese pear and quince. In Japanese pear, PpTFL1-1 and PpTFL1-2 were expressed in the apical meristem prior to floral differentiation; however, during floral differentiation, PpTFL1-2 expression disappeared and PpTFL1-1 alone continued to be expressed in the developing inflorescence. In quince, CoTFL1-1 was the only TFL1 homolog detected prior to floral differentiation. Upon floral differentiation, both CoTFL1-1 and CoTFL1-2 were expressed mainly in the domed apical meristem. These expressions decreased to an undetectable level once the apical meristem had transformed into a single flower meristem. Thus, Japanese pear and quince TFL1 homologs are supposed to be involved in the formation of domed apical meristems during early reproductive development. Our results imply the importance of PpTFL1-1 in morphological development of Japanese pear inflorescence.
Introduction
Inflorescence architecture affects the yield and ornamental value of horticultural crops. Pear (Pyrus L.) and quince (Cydonia oblonga Mill.) are fruit tree species of the Maloideae subfamily of the Rosaceae. Despite their phylogenetically close relationship, pear and quince exhibit distinct morphological characters, particularly in terms of their inflorescence architecture. Whereas quince forms a solitary flower, Japanese pear (P. pyrifolia Nakai) forms a raceme with eight to ten flowers per cluster. The structure of the Japanese pear inflorescence necessitates thinning of the flowers during growth to ensure marketable fruit size and quality. Such operations are costly. Thus, artificially reducing the number of flowers per inflorescence by modifying the inflorescence architecture of Japanese pear would be of great use in commercial fruit production. To this end, it is necessary to understand the molecular mechanism underlying inflorescence development in maloid species.
In Arabidopsis, LEAFY (LFY) and TERMINAL FLOWER 1 (TFL1) play central roles in determining inflorescence architecture (Ratcliffe et al., 1999) . For example, LFY encodes a transcription factor with a primary role in determining flower meristem identity (Blázquez et al., 1997; Weigel et al., 1992) . Constitutive LFY expression promotes flowering and switches inflorescence architecture from the indeterminate to the determinate form (Weigel and Nilsson, 1995) . LFY may also directly activate homeotic genes, including APETALA 1 (AP1), CAULIFLOWER (CAL), and AGAMOUS (AG) (Busch et al., 1999; Parcy et al., 1998 Parcy et al., , 2002 Wagner et al., 1999; William et al., 2004) . Thus, LFY plays a pivotal role in the initiation and differentiation of flower meristems.
TFL1, which encodes a protein similar to phosphatidylethanolamine-binding proteins (PEBPs) and Raf kinase inhibitor protein (RKIP), binds to membrane protein complexes and is therefore thought to function 129 in intracellular signaling (Yeung et al., 1999) . TFL1 also promotes the indeterminate development of inflorescence meristems (Ratcliffe et al., 1998) . TFL1 expression is prevented at the periphery of the inflorescence apex by flower meristem identity genes, thereby allowing the formation of flower meristems. It has been postulated that mutual inhibition between TFL1 and several flower meristem identity genes ensures the separation of the shoot and floral identities in Arabidopsis (Liljegren et al., 1999; Ratcliffe et al., 1999) .
Based on the current knowledge of morphological development in Arabidopsis inflorescences, we developed a working hypothesis regarding the genetic control of inflorescence architecture in maloid fruit tree species. This hypothesis assumes that the balance and pattern of expression of LFY and TFL1 homologs in floral buds may determine inflorescence architecture in maloid fruit species. As a first step in testing our hypothesis, we previously isolated two different homologs of LFY and TFL1 in Japanese pear and quince. LFY and TFL1 homologs in Japanese pear were designated as PpLFY-1 (Pyrus pyrifolia LFY-1) (EMBL/GenBank/DDBJ accession number; AB162029) and PpLFY-2 (AB162035), and PpTFL1-1 (AB162041) and PpTFL1-2 (AB162047), respectively. Similarly, LFY and TFL1 homologs in quince were named CoLFY-1 (Cydonia oblonga LFY-1) (AB162031) and CoLFY-2 (AB162037), and CoTFL1-1 (AB162043) and CoTFL1-2 (AB162049), respectively. Each pair of LFY and TFL1 homologs shared greater than 90% identity (Esumi et al., 2005) . Given the high percentage of identity between each homologous pair, we previously investigated the spatial and temporal expression patterns of LFY or TFL1 homologs as a whole (Esumi et al., 2007) . Our previous results indicated that LFY homologs in Japanese pear and quince were expressed throughout floral bud development and were up-regulated during floral differentiation. In contrast, TFL1 homologs were expressed at relatively high levels prior to floral differentiation; however, their expression dropped dramatically at the start of floral differentiation. Thus, although the role of LFY homologs in floral induction and differentiation is unclear, a significant decrease in TFL1 homolog transcription may be critical for floral induction in Japanese pear and quince (Esumi et al., 2007) .
In this study, we analyzed the spatial expression pattern of LFY and TFL1 homologs using dissected tissue samples taken from developing floral buds of Japanese pear and quince. Reverse transcription-polymerase chain reaction (RT-PCR), using gene-type-specific primers for LFY-1 and LFY-2 as well as for TFL1-1 and TFL1-2, enabled us to determine the tissues in which LFY and TFL1 homologs were expressed. This study confirms the spatial expression previously observed by in situ hybridization analysis and offers new insight into the roles these homologs play during floral induction and differentiation.
Materials and Methods

Plant materials
We used adult Japanese pear and quince trees grown in Osaka or Nagano, Japan. Buds on the spurs of Japanese pear trees were collected periodically for 2 months from late May to late July 2004 or in early August 2005. Terminal buds were collected from 5-to 10-cm lengths of the current year's shoots of quince trees from November to December 2004 and from September to December 2005.
Tissue dissection, RNA extraction, and cDNA synthesis
The buds were dissected under a stereomicroscope using sterile forceps and needles and classified into the following developmental stages based on their apical structure: (1) buds prior to floral differentiation, with a narrow apical meristem; (2) buds at the onset of floral differentiation, with a domed apical meristem; and (3) buds during floral differentiation, with the appearance of a flower meristem (Fig. 1A) . Small pieces of tissue were collected and immediately placed in a mortar filled with liquid nitrogen. The outermost scales were then removed and discarded, whereas the brown interior scales, leaf primordia, and several bracts were collected and categorized as leaf-like organs. Apical meristems were collected from the buds prior to and at the onset of floral differentiation. The apical meristem was trimmed to a cubic shape (0.2 × 0.2 × 0.2 mm) that included the marginal region of pith (Fig. 1B) . Flower meristems were collected from the buds during floral differentiation. For Japanese pear, tissue that remained after the removal of flower meristems was used as inflorescence tissue (Fig. 1B) . For quince, because the entire apical meristem transforms into a flower meristem, no tissue corresponds to the inflorescence of Japanese pear. Finally, pith tissue (0.5 to 1.0 mm under the apical meristem) was collected and trimmed to a cubic shape (0.25 to 1.0 mm 3 ). The tissues collected from approximately 20 and 30 buds of Japanese pear and quince, respectively, were pooled and used as a single sample.
Total RNA was extracted as per Kotoda et al. (2000) , with several modifications. In short, the tissues were homogenized in 1 mL of extraction buffer (2% CTAB, 0.1 M Tris-HCl, pH 9.5, 20 mM EDTA, 1.4 M NaCl, and 1% (v/v) 2-melcaptoethanol) in a mortar. After centrifugation, the supernatant was twice extracted with CIA (chloroform : isoamylalcohol = 24 : 1), and the RNA was precipitated on ice overnight by 250 µL of 10 M LiCl. After centrifugation, the RNA pellet was dissolved in DEPC-treated water and extracted with PCI (phenol : chloroform : isoamylalcohol = 25 : 24 : 1) and CIA. The RNA was then precipitated with ethanol and stored in 70% ethanol at −80°C until use. The RNA pellet was recovered by centrifugation and dissolved in 8 µL of DEPC-treated water. The entire RNA sample was treated with 5 U of DNase I (Takara Bio, Otsu, Japan) and used for first-strand cDNA synthesis. The cDNA was synthesized in a 20-µL reaction volume using oligo-dT primers and Superscript III (Invitrogen, Carlsbad, CA, USA) or ReverTraAce (Toyobo Co., Osaka, Japan) according to the manufacturer's instructions. RNA extraction and cDNA synthesis were repeated twice on each sampling date.
Analysis of gene expression in the dissected samples
The quality of the extracted RNA was confirmed by amplification of ACTIN homologs with 35 cycles of RT-PCR (data not shown). Gene-type-specific primers were designed to amplify LFY-1, LFY-2, TFL1-1, and TFL1-2 (Table 1) . Because the primer dimer formation hindered the development of gene-specific primer sets for SYBR green real-time PCR analysis, we employed normal (1); at the onset of floral differentiation, with a domed apical meristem (2); and during floral differentiation, with a flower meristem and inflorescence tissue (3). Tissue sections stained with safranine and fast green and observed under a microscope (Esumi et al., 2007) , which illustrates the positions used for RNA extraction (B). The tissues were dissected and classified as apical meristem (a), flower meristem (b), inflorescence tissue (c), pith tissue (d), or leaf-like organs, including interior scales, leaf primordia, and bracts (e). Bar = 0.2 mm.
RT-PCR in this study. 
Results
Timing of floral differentiation during the experimental periods The timing of floral differentiation varied depending on the year. In Japanese pear, domed apical meristems were observed on 25 June and 6 July in 2004 and 2005, respectively. In quince, although the domed apical meristem stage had mostly passed by the first sampling date (17 November 2004), we were still able to collect buds with domed apical meristems. Thus, the sample collected on 17 November represented buds at the domed apical meristem stage. In 2005, however, buds with domed apical meristems were most frequently observed on 31 October.
LFY homolog expression
Under the experimental conditions used in this study, the expressions of the two Japanese pear LFY homologs, PpLFY-1 and PpLFY-2, were continuously detected with similar patterns in the developing bud (Tables 2 and 3 ). The expression was detected in almost all tissues examined, which is consistent with the result obtained with in situ hybridization in our previous study (Esumi et al., 2007) . The expressions of two quince LFY homologs, CoLFY-1 and CoLFY-2, were also detected continuously (Tables 4 and 5 ). Rough estimation of the expression levels by RT-PCR with two different cycles in this study was unable to reveal a difference, if present, in the expression patterns between the two type homologs, and between the two fruit tree species. 
TFL1 homolog expression
Japanese pear PpTFL1-1 and PpTFL1-2 were detected in the apical meristem before floral differentiation at 32 PCR cycles. Although PpTFL1-1 expression was also observed in the other tissues tested at 37 cycles before floral differentiation, PpTFL1-2 expression was restricted to the apical meristem. Expression of PpTFL1-2 was undetectable after floral differentiation, whereas PpTFL1-1 was continuously detected during floral differentiation both in 2004 and 2005 (Tables 6  and 7 ). The expression of PpTFL1-1 in the inflorescences during floral differentiation was strong enough to be In quince, CoTFL1-1 expression was detected before floral differentiation in apical meristem and leaf-like organs, whereas no CoTFL1-2 expression was detected in any of the tissues tested prior to floral differentiation. CoTFL1-1 expression became undetectable in midOctober, just prior to floral differentiation, and began to be detected again in the domed apical meristem (Table 8) . Apical meristem Apical meristem
Leaf-like organs nt
Year 2005 5/31 6/10 6/18 6/27 7/6 7/14 7/22 8/1
Apical meristem Apical meristem
CoTFL1-2 expression was detected in the domed apical meristem and pith tissue at the onset of floral differentiation ( Table 9) . As opposed to TFL1 homologs in Japanese pear, there was no distinct difference in the expression patterns of CoTFL1-1 and CoTFL1-2 immediately following the domed apical meristem stage, and the expressions of both homologs were undetectable during the floral differentiation stage.
Discussion
LFY homolog expression RT-PCR analysis for dissected tissues in this study could not detect different expression patterns for different LFY homologs or in different tissues both in Japanese pear and quince. It is possible that the RT-PCR was saturated with the 32 cycles used in this study and we could not detect the difference. An alternative explanation is that the difference in the expression levels of LFY homologs during floral induction and differentiation is too small to be detected with the RT-PCR technique used in this study. Our previous study indicated that changes in the transcript level of LFY homologs were much smaller than that of TFL1 homologs both in Japanese pear and quince (Esumi et al., 2007) . Although it is very difficult to differentiate the expressions of LFY-1 and LFY-2 in Japanese pear and quince by real-time RT-PCR because of the very high sequence identities between the two types of homologs, we should employ the technique in future studies to precisely measure their transcript levels to elucidate the roles of each LFY homolog in the flowering of Japanese pear and quince.
Divergent expression pattern of multiple copies of TFL1 homologs Although we previously found that the timing of the reduction of TFL1 homolog transcription was concomitant with the onset of floral differentiation in Japanese pear and quince (Esumi et al., 2007) , the RT-PCR analysis employed in this study could not clearly show the reduction that was detected with the previous realtime RT-PCR analysis. Based on the presence or absence of mRNA determined at 37 cycles of RT-PCR, different expression patterns were observed for TFL1 homologs in Japanese pear and quince during the experimental period. In Japanese pear, both PpTFL1-1 and PpTFL1-2 were expressed prior to floral differentiation, and only PpTFL1-1 was subsequently continuously expressed during floral differentiation. In quince, only CoTFL1-1 was expressed prior to floral differentiation, whereas CoTFL1-2 was silent at this stage and only transiently expressed at the domed apical meristem stage. Such divergent expression patterns may imply specialized roles for the homologs in flowering, as has been observed for multiple TFL1 homologs in pea (Pisum sativum L.) (Foucher et al., 2003) . As in pea, multiple TFL1 homologs in Japanese pear and quince, which are supposedly derived from ancient polyploidization, have assumed divergent roles in flowering during evolution.
TFL1 homolog expression early in apical meristem and inflorescence development In Japanese pear, PpTFL1-1 was continuously expressed from the vegetative to reproductive stages, including the domed apical meristem stage. In quince, however, CoTFL1-1 and CoTFL1-2 were transiently expressed at the domed apical meristem stage, and their expressions decreased to undetectable levels during floral differentiation. The resumed expression of TFL1 homologs in the domed apical meristem after the decrease just prior to floral induction may signify the renewal of the meristem as a reproductive meristem. In wild-type Arabidopsis, TFL1 expression is up-regulated in the central region of the inflorescence apex at the reproductive stage, and continuous expression of TFL1 in the apexes of the primary and secondary inflorescences leads to the formation of an indeterminate inflorescence (Bradley et al., 1997; Ratcliffe et al., 1999) . Based on the function of Arabidopsis TFL1, the expression of TFL1 homologs in the domed apical meristems of Japanese pear and quince might confer indeterminate growth on the reproductive meristem. Interestingly, PpTFL1-1 was continuously expressed throughout floral differentiation, whereas CoTFL1-1 and CoTFL1-2 expression in the domed apical meristem decreased to an undetectable level once the meristem transformed into a single flower meristem. It is possible that continuous PpTFL1-1 expression influences inflorescence development in Japanese pear by maintaining the activity of the inflorescence meristem, as in Arabidopsis TFL1. In contrast, quince is assumed to have some defects in regulation or in the structures of the proteins encoded by TFL1 homologs, which leads to the development of a terminal single flower (Fig. 2) . Because there are few differences in primary structure between TFL1 homologs of Japanese pear and quince, it is difficult to predict the functional differences between them (Esumi et al., 2005) . The regulatory pathway that includes TFL1 must be elucidated to fully understand the role of TFL1 homologs in inflorescence development in maloid fruit species.
In conclusion, TFL1 homologs in Japanese pear and quince may play critical roles in maintaining the indeterminate growth of meristems not only at the vegetative stage, but also early in the reproductive stage, similar to the function of TFL1 homologs in most other plant species (Bradley et al., 1996; Cremer et al., 2001; Nakagawa et al., 2002; Pnueli et al., 1998; Ratcliffe et al., 1998) . In addition to their involvement in inflorescence development, the TFL1 homologs of Japanese pear and quince may be involved in floral induction, as suggested by previous studies (Esumi et al., 2007) and the results obtained with apple MdTFL (Kotoda wad Wada, 2005) . Thus, understanding the functions of TFL1 homologs will provide important information regarding floral development in maloid fruit tree species, and artificial control of TFL1 homolog expression will allow floral bud formation to be regulated, thereby altering the inflorescence architecture in maloid fruit tree species.
